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Introduction
Increasing productivity and flexibility at the same time has been one of major strategic goals of the manufacturing industry. In general, productivity implies the high production rate of high-volume mass production while flexibility implies the high product variety of low-volume job shop production. The emergence of flexible manufacturing concept lies in this direction. During the last several decades, various types of flexible manufacturing systems have been installed. See MacCarthy and Liu (1993) for a classification scheme of flexible manufacturing systems.
A flexible manufacturing system (FMS) can be defined as an automated manufacturing system that consists of computer numerically controlled machines and auxiliary equipment such as inspection and washing machines, which are interconnected by an automated material handling and storage system. Although a significant amount of advantage is reported from the flexible manufacturing concept, more benefits can be obtained if much effort is given to the operational problems that can be classified into system setup, scheduling and control. See Stecke (1985) for more details on various FMS operational problems.
This study considers a scheduling problem for a single machine flexible machining cell with multi-fixturing pallets and controllable processing times. The multi-fixturing pallet, developed to increase the productivity of FMSs, is an advanced pallet type that can load multiple parts at the same time. Also, the controllable processing times imply that part processing times are not given, but can be changed according to precision levels, energy consumption, scheduling performance, and so on. As explained in Nowicki and Zdrzalka (1990) , there are situations where compressing a job is possible, but it entails an extra cost, and such an action is rational only if this additional cost is compensated by the gains from job completion at an earlier time. For example, project scheduling with time-cost tradeoff, in which task durations can be decreased by additional resources such as manpower, funds, and so on, is one of the earlier studies on controllable processing times.
The previous studies on FMS scheduling consider singleload pallets and fixed processing times. Note that a single-load pallet can load one part and hence there is no difference between parts and pallets in the aspect of scheduling. For FMSs with single-load pallets and fixed processing times, Kim et al. (2001) and He and Smith (2007) consider the input sequencing problem that determines the sequence of parts released into the systems, and Montazeri and van Wassenhove (1990) , Sherali et al. (1990) , Lee and Kim (1999) , Woo et al. (1999) , Roh and Cho (1999) , Low and Wu (2001) , Haq et al. (2003) , Kim et al. (2004) , Low et al. (2006) , Zeballos (2010) and Koupaei et al. (2017) consider the scheduling problems that determine the sequence of parts to be processed on machines. Also, Escudero (1989) and Yu et al. (2013) consider both input sequencing and scheduling problems. See Rachamadugu and Stecke (1994) , Liu and MacCarthy (1996) and Filho et al. (2014) for literature reviews on FMS scheduling problems and solution algorithms.
Not directly related with FMSs, some studies consider the scheduling problems with controllable processing times. As an earlier work, Vickson (1980a) defines a single machine scheduling problem with continuously controllable processing times in which the processing cost of a job increases linearly according to the amount of compressing its processing time and suggests a heuristic that minimizes the sum of total weighted flow time and job processing costs, and Vickson (1980b) develops an exact algorithm for each of two single machine scheduling problems with discretely controllable processing times, i.e. processing time of a job can be selected among its possible durations. For their extensions, see Chen et al. (1997) , , Xu et al. (2011) and Kayvanfar et al. (2013) . Unlike the theoretical ones explained above, other studies consider scheduling problems on a numerical control machine with controllable processing times, not flexible machining cells with multi-fixturing pallets. See Gurel and Akturk (2007) , Atan and Akturk (2008) , and Akturk and Ilhan (2011) for examples.
This study considers a scheduling problem on a flexible machining cell with a single computer numerically controlled machine, a loading/unloading station and a central buffer. Multiple parts can be loaded on each multi-fixturing pallet that can enter and leave the system through the loading/unloading station and the processing time of a part is controllable in that it can be selected among a given set of available ones with different processing costs. The problem is to determine the set of parts to be loaded on each pallet, the part processing times, the pallet input sequence through the loading/unloading station and the pallet processing sequence on the machine. To investigate the trade-off between part processing costs and scheduling performances, we consider a bi-criterion objective of minimizing the total processing cost and the total flow time.
To the best of the authors' knowledge, there is no previous study on the scheduling problem for FMSs with multi-fixturing pallets and controllable processing times.
This study was motivated from a research project that develops a flexible machining cell that can process high strength materials, such as titanium and inconel, with high precision levels, called the jig center in the machine tools industry. From this project, we observed that the precision levels depend highly on the cutting speeds, i.e. the precision level increases as the cutting speed decreases. Also, the processing time of a part can be selected from its available ones with different processing costs. Besides the precision level, controllable processing times are useful when improving scheduling performances, energy consumption and so on. In the case of energy consumption, there is a trade-off between energy overuses by decreasing processing times and energy savings by increasing processing times.
Since the bi-criterion scheduling problem considered in this study has no unique optimal solutions, we propose a two-stage solution approach that gives a Pareto solution, in which part loading/pallet input sequencing are done using a priority rule and part processing timing/pallet process sequencing are done using an iterative heuristic. To test the performance of the two-stage solution approach, simulation experiments were done on various random instances and the results are compared with the rule combination based solution approach in which part loading/pallet input sequencing, part process timing and pallet process sequencing are done using a rule combination.
The rest of this paper is organized as follows. In the next section, the system and problem are described in more details. The solution approach is presented in Section 3. Section 4 reports simulation results. Finally, Section 5 concludes the paper with a summary and some further research areas.
System and Problem Descriptions
This section explains the flexible machining cell considered in this study. Then, the problem is described in more details.
System Description
<Figure 1> shows the configuration of the flexible machining cell considered in this study, which consists of a single numerical control machine, a loading/unloading station and a central buffer. The numerical control machine has a tool magazine that stores the tools required to produce parts and an automatic tool changer that can change the cutting tools automatically with negligible setup times. Hence, the cell is capable of processing different part types for a certain period of unmanned time. To process a part on the machine, one or more tools are required. Also, the cell has a limited number of multi-fixturing pallets that can load multiple parts with their dedicated fixtures, where a fixture can clamp a set of pre-determined parts, i.e. 1-to-m correspondence between fixtures and part types. Finally, the central buffer, which is a kind of automatic storage/retrieval system with a limited storage capacity, is used to store inprocess parts loaded on pallets within the cell.
Figure 1. Flexible Machining Cell Considered in this Study
Each pallet is released into the cell through the loading/ unloading station after one or more parts are loaded on multifixturing pallets by workers, called part loading in this paper. Note that part loading can be done only when the workers are available, i.e. manned time window. Parts arrives to the system dynamically, i.e. non-zero ready times. Since the cell has a limited number of pallets, parts loaded on a pallet can be released into the cell only when the pallet required for the parts is available. After released, a pallet is sent to the central buffer and waits for processing the parts on the pallet. As explained earlier, part processing times are discretely controllable, i.e. processing time of a part can be selected among available ones with different processing costs. After processed on the machine, the pallet returns to the central buffer, where the parts on the pallet leave the cell through the loading/unloading station after unloaded.
Problem Description
For a given set of parts to be arrived to the cell during the upcoming scheduling period, the problem considered in this study is to determine the part processing times, the set of parts to be loaded on each pallet, the pallet input and the pallet processing sequences while considering the limited number of pallets and satisfying the manned time window. The objective is to minimize the total processing cost and the total flow time at the same time, i.e. bi-criterion objective.
The problem has four decision variables : (a) part processing times; (b) set of parts to be loaded on each multi-fixturing pallet; (c) pallet input sequence; and (d) pallet processing sequence. The first one is part processing times, each of which can be selected from its discretely available ones with different processing costs. The second one is the parts to be loaded on each pallet. Since a fixture type can load a pre-determined set of part types, a part can be loaded on a pallet when the required fixture type is available on the pallet. It is assumed that the fixture allocations to pallets are given in advance, i.e. fixtures are already loaded on pallets and remain unchanged during the scheduling period. The last two decisions are pallet input and processing sequences. The pallet input sequence implies the sequence of pallets, after loading parts, to be released in the cell through the loading/unloading station, and the pallet processing sequence is the sequence of pallets, stored at the central buffer, to be processed on the machine. It is assumed that the tool magazine capacity is sufficiently large to equip the tools required to produce parts, i.e. there are no additional tooling on the tool magazine during the scheduling period.
As explained earlier, we consider the bi-criterion objective of minimizing the total processing cost and the total flow time. The total processing cost is the sum of part processing costs that depend on processing times. Formally, let x ij be equal to 1 if j th available processing time is selected for part i, and 0 otherwise. Then, the total processing cost can be represented as The problem has two constraints : limited number of pallets and manned time window. The limited number of pallets implies that a pallet can be released into the cell only when it is available at the loading/unloading station. Second, the manned time window is the time interval during which workers can perform part loading operations, i.e. part loading on pallets cannot be done when workers are off-duty, e.g. night time. It is assumed that the manned time windows are deterministic and given in advance.
This study considers a deterministic version of the problem. In other words, the part descriptors such as available processing times and ready times are deterministic and given in advance. Other assumptions made for the problem are : (a) part loading and transportation times are negligible; (b) the machine can process only one part at a time; (c) preemptions are not allowed; and (d) machine breakdowns are not considered.
Solution Approach
In this study, we propose a solution approach that consists of two stages : part loading/pallet input sequencing and part process timing/pallet process sequencing. Here, part process timing/pallet process sequencing are done for the pallets stored at the central buffer and they are updated whenever there is a change in the pallets stored at the central buffer. <Figure 2> shows an overview of the solution approach. As explained earlier, part loading determines the set of parts to be loaded on each multi-fixturing pallet, where the parts can be loaded on the pallet only if the pallet has the required fixture type. Recall that part loading can be done by workers during manned time windows. Also, pallet input sequencing determines the sequence of pallets to be released into the cell through the loading/unloading station.
In this study, we propose a method to makes the two decisions sequentially using a priority rule, called the part loading/ pallet input sequencing rule in this paper. <Figure 3> shows a schematic description of the two decisions for a flexible machining cell in which pallets can load four parts. As can be seen in the figure, the parts arrived to the cell are ordered using a priority rule, and according to this order, parts are loaded on the earliest available pallets if the required fixtures are available. Then, each loaded pallet is released into the cell through the loading/unloading station whenever a storage location of the central buffer is available. In this study, the following priority rules were tested. The procedure for part loading/pallet input sequencing is given below. Note that part loading/pallet input sequencing are repeatedly done for the parts arrived so far.
Procedure 1.(Part loading/pallet input sequencing)
Step 1. Order the arrived parts using a priority rule.
Step 2. According to this order, load each part on the earliest available pallet if the required fixture is available on the pallet. Otherwise, load the part on the next earliest available pallet, and so on.
Step 3. Release the current loaded pallet into the cell whenever a storage location of the central buffer is available.
Stage 2 : Part Process Timing/Pallet Process Sequencing
After released into the cell, a loaded pallet is stored at the central buffer and then the parts loaded on the pallet are processed on the machine. Therefore, the next two decisions are the processing times of the parts loaded on the pallets stored at the central buffer, i.e. part process timing, and the sequence of the pallets to be processed on the machine, i.e. pallet process sequencing. Note that the two decisions are made whenever a new loaded pallet is arrived to the central buffer.
For part process timing/pallet process sequencing, we propose an iterative heuristic that determines part processing times and pallet processing sequence repeatedly until there is no more improvement. First, the initial processing time of each part is set to its longest available one and then the initial pallet process sequence is determined by ordering the pallets in the non-decreasing order of pallet processing times, where the processing time of a pallet is defined as the sum of processing times of the parts loaded on the pallet. Formally, the processing time of pallet scan be represented as , where and denote the set of the parts loaded on pallet sand the index for the processing time selected for part i, respectively. For the given pallet processing sequence, the processing time of each part is set to its next longest available one one-by-one and the best one that minimizes the weighted objective value under the total flow time measure is selected, i.e.
where w and (1-w) are the relative weights for the total flow time and the total processing cost, respectively. Note that the two steps, i.e. pallet process sequencing and part process timing, are repeatedly done until no more improvement can be obtained. Now, the detailed procedure of the iterative heuristic is given below. Recall that the procedure is repeatedly applied to the current pallets stored at the central buffer whenever a new loaded pallet is arrived to the central buffer.
Procedure 2. (Part process timing/pallet process sequencing)
Step 1. Let    ∞.
Step 2. Set the initial processing time of each part to its maximum available one.
Step 3. For the current part processing times, generate the pallet processing sequence by ordering the pallets in the non-decreasing order of pallet processing times. If   is improved, update   and go to Step 4 after saving the improved solution. Otherwise, stop.
Step 4. For the current pallet processing sequence, set the processing time of each part to its next longest available one one-by-one and select the best one that minimizes the weighted objective value. If   is improved, update   and go to Step 3 after saving the improved solution. Otherwise, stop.
Simulation Results
This section reports simulation results on various random instances generated using the information provided by our project partners. The simulation model and the solution algorithms were coded in C++ and the test was done on a personal computer with an Intel Core i7 processor operating at 3.40 GHz clock speed.
In the test, the two-stage solution algorithms with the three part loading/pallet input sequencing rules (FCFS, STPT and EDD) were compared with a rule combination based approach in which part loading/pallet input sequencing, part process timing and pallet process sequencing are done using a rule combination, i.e. the three part loading/pallet input sequencing rules (FCFS, STPT and EDD) and the following pallet process sequencing rules under three levels of part processing times, i.e. minimum (MIN_T), maximum (MAX_T) and median (MED_T) among the available processing times of each part.
FCFS select the pallet that arrived the earliest at the central buffer (with arbitrary tie breaks)
SPPT select the pallet with the minimum processing time, where the processing time of a pallet was defined as the sum of available processing times of the parts loaded on the pallet (with arbitrary tie breaks)
LPPT select the pallet with the maximum total processing time (with arbitrary tie breaks)
Unlike the part loading/pallet input sequencing rules, the pallet process sequencing rules are used to select a pallet among those waiting at the central buffer when the machine becomes available. For evaluating the results, we use the relative deviation index (RDI) for each of the two objectives. Here, the RDI for a test instance is defined as
where   is the solution value (processing cost or scheduling measure) obtained by algorithm ,   (  ) is the best (worst) solution value among those obtained by all algorithms. This index is defined when      and has a value between 0 (best) and 1 (worst). Note that the RDI is set to 0 when      .
As explained earlier, the flexible machining cell consists of a single machine, a loading/unloading station and a central buffer. The system has 12 pallets in total, i.e. 3 pallets for each of 4 pallet types. Also, there are 4 fixture types, each of which can be loaded on any pallets. The fixture allocations were done randomly. Each pallet can load 4 parts in maximum according to the allocated fixture types, which is done by workers during the manned time. The system operates 24 hours per day, but the manned time for part loading was set to 8 hours, from 9am to 5pm, per day. Finally, the central buffer has 8 storage locations. For the system described above, we generated 10 instances for each of 15 combinations of 3 levels of the number of part types (30, 50 and 100) and 5 levels of the weight value (0.1, 0.3, 0.5, 0.7 and 0.9). Demand of each part type was generated from, where denotes the discrete uniform distribution with a range. Also, the available part processing times and the processing costs were generated inversely from and, respectively. Note that the part processing times and the processing costs were generated from the same probability mass function because they are normalized. Finally, the ready times of a half of the parts were set to 0 randomly and the others were generated from according to the information of our project partners.
Before comparing the solution algorithms, multivariate tests were done using the simulation results to show the effects of the four factors, i.e. part process timing, part loading & pallet input sequencing, pallet process sequencing and number of part types, on each of the total flow time and the total cost measures, and the results are given in <Table 1>(a) and <Table1>(b). As expected, all the factors affect the total flow time, while part process timing and number of part types affect the total cost. Among the effects of interactions, part process timing/pallet process sequencing, part loading & pallet input/pallet process sequencing and part loading & pallet input sequencing/number of part types affect the total flow time, while part process timing/number of part types affects the total cost.
Test results are given in <Figure 4> that show the average RDI values of the total flow times and the total costs for the solutions obtained by the rule combinations under the three levels of part processing times, i.e. shaded region, and those obtained by the two-stage solution approach with the three part loading/pallet input sequencing rules under different weight values, i.e. piecewise lines. Because we consider the bi-criterion objective of minimizing the total processing cost and the total flow time, the two solution approaches are compared in the aspect of Pareto solutions. It can be seen from the figure that the piecewise lines of the two-stage solution approach are located almost below the shaded region of the rule combination based approach, which implies that the two-stage solution approach proposed in this study is significantly better than the rule combinations for most weight values. In particular, there is significant difference between the two solution approaches as the weight value decreases, i.e. importance of the cost measure gets higher. This shows that part process timing is an important decision and hence the two-stage solution approach proposed in this study is useful when a higher priority is given to the cost measure. However, as can be seen the dotted circle in upper-left corner, there is no significant difference between the two approaches as the weight value increases. Also, we can see from the figure that there is no significant difference among the three part loading/pallet input sequencing rules for the two-stage solution approach under the bi-criterion objective. Finally, the CPU seconds are not reported since most test instances were solved within 1 second. 
Concluding Remarks
This study considered a new scheduling problem for a flexible machining cell with multi-fixturing pallets and controllable processing times. The multi-fixturing pallet is an advanced pallet type that can load multiple parts at the same time for the purpose of increasing both productivity and flexibility, and part processing times are not given, but controllable. The problem is to determine the part processing times, the set of parts to be loaded on each pallet, the pallet input and the pallet processing sequences. To investigate the trade-off between part processing cost and scheduling performance, we considered the bi-criterion objective of minimizing the total processing cost and the total flow time. A two-stage solution approach, in which part loading/pallet input sequencing are done using a priority rule and part process timing/pallet process sequencing are done using an iterative heuristic, was proposed. Simulation experiments were done on various instances, and the results showed that the two-stage approach gives better Pareto solutions than the rule combination based solution approach. This study can be extended in several directions. First, some additional considerations, such as material handling times, fixture allocation, and so on, need to be considered. Second, the scheduling approach proposed in this study can be integrated with other planning decisions, e.g. batching that selects the set of parts to be produced. Finally, it is needed to consider the extended problem for multi-machine flexible machining cells.
